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ABSTRACT

A high temperature solar PBraviton powsr svstem Was
designed +For a continuous output of 90 EWe in  low  e=arth
orbit. The =nergy 1s stored in the heat of fusion of silicon.
The system was optimized for minimum specific mass. High
téchnology materials are used to lighten structural elements
wha2re applicable. Without gimballing to decouple the power
section From a space platform, the svstem ocptimizes at 28.3

-

EG/FW2 with a cycle =2fficiency of 25 %. This represents a 3.5
times reduction in mass as compared to =2guivalent power solar

cell/ battery combinations with a threefold increase in

)}

ut

vetem efficiency.
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In the next ten to fifteen vears NASA plans to loft &
=pace platform into low earth orbit, a type of modular space
station =sasily configuwrable to accommodate almost any mission

regquirement. With such versatility, a scheduled power demand

of 0 EWe {(continuous) s=ems reasonable. The various options

are nuclesar thermionic, nuclear dynamic, solar electric and
solar thermal. In the first analvysis, the nuclear systems
offer tremendous mission flexibility. Almost any powsr level

can be accommaodated, in a fairly compact size. The adv

0y

ntage
of compactness should not be overlocoked, because any ijéct
in low earth orbit suffers from orhbit decay due to
atmospheric drag. The amount of fuel used during a mission
lifetime will be directly proportional to the projected ares
af thg satellite. The smaller the satellite,- the less the
resupply costé become. Unfortunately, any advantages gained
here 1s overshadowed by the characteristic large mass ., a
sizable fraction of which is the shielding necessary to man
rate the system. Marious designs have attempted to reduce
this shielding mass by employing partial shields, which
impose operating constraints on any areas outside the
protected zones; Although this could be made to work, there
is doubt that such a system would ever be man rated for a
marnned platform, where considerable extra wvehicular activity
is expected.

One other option is a solar cell / battery combination,

the latter necessary for operation during earth shadow.



Within this power grouping, there are different technologies

available for both the solar cells and the storage madium.

Unfaortunatelv, such svstems. guffer from low efficiency

t

reas

{tyvpically 2 to 10 percent) and therefore present large
for any power level. Drag makeup is then a problem . In
addition, solar cells are limited in life ta & or 7 vears
from electron and high energy proton dammage, unavoidable

consequences of elther polar or high altitude arbits.

Although the =un pointing reguirement is not severe, th

i

attitude contrel of large arrays is complicated by their
high mom=nts of inertia and by their lack of rigidity.
However, these systems have logged more flight hours than any
other and have the advantage of a very low technological
risk. Their ideal application seems to lie with laow paower
systems that operate in benign environments.

Soiar thermal systens seem to offer an ideal solution for
the projected power levels of a space platform. In the first
analysis, they offer at least a 2.5 times decrease in system
mass as compared to an equivalent solar electric system, with
a threefold increase in system efficiency. This efficiency
translates directly to threefold decrease in projected area
for the same power output. Within the category of solar
thermal systems, the choice of a specific thermodvnamic cycle
(Brayton, Rankine or Sterling) will affect the performance
and specific mass (EG/FWe) of the power system. 0Of thaose
mentioned, the author chose to investigate in some detail the
Brayton cycle, as it responded most favarably to

technological improvements with the least amount of

8]
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uncertainty.

The de=sign goal of any of thesz power svystems is to me=et
the reguirements with a minimum of cost. Since all of thece
systems would have to be boosted into low =2arth orbit, mass
becomes the critical variable. Therefore this study optimized
a particular Erayton.cycle for maximum power and  minimum
mass. The resultant is not what one could achieve on  garth
where maximum efficiency probably would be mors appropriate.

Figure 1 is an illustration taken from a MDAC study
LOS5] of a space power system. Two redundant power units are
connected via a gimbal to the rest of the structure. Each
unit is comprised of a collector, a receiver, a rotating
group aof machinery, heat exchangers and waste hesat
radiators. The receiver, heat exchangers and the rotating
group all are contained in the cvlinder at the prime focus of
the collector. The rotating group consists of a single stage
czntrifugal compressor, a single pole pair alternator and a
single stage centrifugal turbine, all mounted on & common
shatt. The working fluid in the cvcle is a mixture of helium
and xenon, which are noble gasses, combined to achieve =z
molecular weight of 40 g / mole. The mixture is inert to
eliminate any potential oxidation problems.
An exploded view of the receiver is depicted in figure

-

24 illustrating the arrangement of tubes through which the
working fluid circulates. Figure I shows one of theze tubes
in a little more detail, jacketed by a gquantity of 1lithium

flouride contained by another tube. The LiF serves as a heat



ztorage medium during ocrbital shadow periods. A3 the
zatellite enters the earth shadow, all of the LiF is molten.
During the transit time, this LiF gradually freezes,
releasing the energy contained in the latsnt heat of fusion
(1044 kJI/Zkg at 1121 E). At shadow exit, all of the LiF is
frozen, and slowly starts to melt as sunlight enters the
cavity. Figure 5 plots the heats of fusion vs. melting
temperatures of other possible storage mediums.

The =alient design feature of this system is ° the large

temperature difference available across the cycle. This has

be=n made possible largely by the development of advanced
materials. Carbon/carbon composite turbines have been built
and tested to 2200 K and 720 m/s rim speeds [121. 5Silicon

carbide, which melts at Z100 K [048]1 can =2asily serve as a
high temperature structure. Additionally, it is considerably
less dense than the refractory metals it replaces, saving
mass. Materials cempatibility constraints in the radiators
force the minimum cycle operating temperatwe to T30 kK. The
effective temperature of the radiator is 470 k, which results
in &% small area (S9 m ). It is constructed of molybdenum and
circulates a coolant mixtwe of potassium and sodium.

The next chapter models the thermodynamics of a
regenerated Brayton cycle. These mathematical models are
coded into a program that optimizes various parameters to
mimnimize the system specific power.

The subseqguent chapters take a closer locok at the

collection system performance, the turbomachinery and the

radiator design. The radiator design itself is a complicated



optimization that finds a particelar configuration  that
minimizes its cantribution to system mass.
The last chapters present the results of this study,

!

along with a sensitivity analysis of the a

n

sumed component

efficiencies and scaling constants. Finally, some conclusions

are drawn and recommendations made based on the resszarch ot

this topic.



The goal here is to quantify primary cycle performance in
terms of two basic variables. The first is the ratio of
matimum to minimum cycle temperature, 95 i the se=cond is the
compressor pressure ratio, W; . These primary variables will
be traded against each other to find a system configuration
that will maximize the power output for a given mass. The
dezign eslectrical power is 20 Ew. Other secondary variables
such as compressor efficiency 7¢ « turbine sfficiency ?C .
regenerator  and heat exchanger effectiveness &, . &; and
system pressuwe drops Wg will then be varied within resa-
sonable bounds for a sensitivity analysis. The initial mags
estimates are taken from a MDAC report [0OS3. | .

The gquantity that is minimized is the sum of all of the
individual contributions to the svystem mass: collector, heat
storage, regenetration and radiator MASsSes. The
turbomachinery itself was considered negligible in the first

analysis. Therefore,

Mtot Mcoll Msto Mreg Mrad

——— = e + —m—— e ———— 4 e
Fe Fe Fe Fe Fe
11 of these terms are functions of cycle efficiency, =0
that will be derived first. Consider the schematic and T-5
diagrams illustrated in figure 4.
We can start by defining the compressor temperature
ratio, Zd (T1/T0O) and the turbine temperature ratio, ZC

(T4/Tm) in terms of the compressor pressure ratio, namely
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where r is the ratio of specific heats (5/3) of the
working fluid. The thermal efficiency is defined as the power
zxtracted over the amount of heat inputted. The extracted
power is the fraction of the +fturbine powsr that the
compressor does not use. The heat imput is the powsr added to
the working fluid to take it from Tl to Tm. For low pressure
ratio cycles, the turbine exit temperature is considerably
higher than the compressor discharge tenperature. The

regenerator takes that temperature differential and transfers

[
e

to the compressor ogutput stream, thereby reducing the
necessary heat input to accomplish the same work. The cycle
then Secomes mare efficiant. As the cycle pressure ratio
increases, the besnefit of regeneration diminishes, and can
ultimately become a detriment (T1:T4).

Unfortunately, this transfer of heat is not ideal, and is
limited by the heat exchanger effectiveness. It is defined as
the actual temperature difference over the available
temperature difference. The regenerator and waste heat

exchanger effectivenescses become

The shaftt power becomes

11



The electrical powser is simply the the shaft powsr times the
alternator efticiency. As mentioned before, thermal
efficiency 1is the ratio of the power extracted over the

amount of heat added. However, the heat that the cycle sees

has been collected by the mirror and ftransferrsed to  the

working fluid through the heat storage medium. Therafore the

cycle efficisncy becomes

Fa mCp TO W

Then from the definition of regenerator effectiveness,
T2 = T1 + ( T4 - T1 )

T2

;(—) = G+ E, ¢ G le 22

)

And the cycle efficiency becomes

oy = ot Toto };":‘Z‘:‘j_"g':“ﬁ:é:‘:*é:")"

It is uzseful at this point to introduce a scaling

variable /@, which represents the mass per unit area of that

12



particular component. Proceeding with the collection svstem
one can see that the area reqguired to deliver a certain power
is the ratio of electrical powser over the product of the

cvele efficiency and the sclar conshtant (5) at i1aAU.

Mcoll = }lam Acoll = Q. ee————

However, since theFe is a heat storage medium, the
collector has to be oversized so that during insolstion, it
is providing enouéh heat to drive the cycie and liguify the
heat storage substance. The heat is stored in the
substances” latent heat of fusion. Therefore the collector
is oversized by the ratic of the systems® time in shadow over

the product of the time in sunlight and storage efficiency.

Mcoll /ﬂu” t=sh

One might note that the collector efficiency is a strong
function of the surface quality of the mirror. Unfortunately
due to its large size ( 24 m dia ), it has to be constructed
in segments (akin to those in an umbrella) and assembled by
EVA. This process will have an unknown impact on collection
system performance. Chapter I models the reflector physics
and determines the effect of mirror surface quality, mirror

rim angle, cavity temperature and aperture size on collection

13



Mext, we come to the heat storage medium. The literaturse
suggests that at no time will the space platform be eclipsed
For more than 2468 minutes in'LED. Any heat storage medium
will have to provide encugh power during that period to
insure steady stae operation. The medium should be sized so
that at the start of the eclipse the substance is complately
liguid, gradually freezing and releasing heat at its melting
point. The =substance chosen needs to be compatible with its
containment vessel {no corrosion), needs a melting point
slightly higher than the maximum cycle temperature2 and a hiagh
heat of fusion.

&4 plot of the viable candidates is shown in figure S. 0OF
these, silicon seems best with a melting point at 1685 K and
a heat of fusion of 1787 kJI/kg. Then the mass per unit power

becomes

where Fsto 1is the fraction of the storage mass needed to
contain it. This includes the tube structure, the insulation,
the aperture and cavity control devices and the receiver
walls. This constant was chosen to be 120 percent after L[04].
The next item of interest is the regenerator specific
mass. If dnﬂ is the regenerator scaling variable (EG/KWL),
then from the T-5 diagram in figure 4, one can see that the

regenerator mass is
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— ‘ ~ - M . A 2h ’
Mreg = Aag m Cp (T2 - T1 ) = Af m Cp Tm 61( Ce — é; )
Alsa, froam the cycle efficiency calculation, the

electrical power can be written as

a N
Mreg f 2 - X 7
———- = Xe £ e\
Fe ;il' ab = Z‘c"’ }\
Fe -

The last item to consider is the radiator, the purposé of
which is to dispose of rnonusable hezat. Careful attention
needs -to be paid to the design, as the bottom cocycle
temperature is a very strong driver of the physical size and
Mass. For the same useful power output, the higher the cycle

temperature is pushed, the =maller the radiator becomess. 5

W)

the size is set by the dissipation requirement, maximum cycle
temperature, cycle efficiency and material choice.

For the purposes of the cycle optimization, & simplified
model of a fin and tube design will be considered. Al though
chapter 3 presents the mathematical models +to design  the
radiator, the program that incorporated these models took toco
long to erecute, and prooved impractical to use as a

subroutine in the larger cycle optimization.



For these purposes,

They ara related to the main cyvcle temperatures through the
heat exchanger effectivenessses, a and fl.
T (i~ £~ E~1NT, + - dNT AL =
T = (Zrell-2)-1)Ty (26, -83T, +(L-1)7,
2z & £ “p !
z <2 ¢
These, in tuwrn can be written in terims of known cycle
quantities.
B, Th -./!'ff’f~/ 2ot e(i~Ly e + AL
= ; ! il)ptfél(’ f~>[J' £, &
Im <" <c 2 -
g, T (21 i N7 . (2 -Eir\Cc L i
‘g = = 21{ - -2 \=- = C + &= - F -1 -
3 TiA :(&z ) 6a) € ( t z) A ({; )5c
AN

order of magnitude sizing would procesd as follows.

onsider an incremental radiator section, pictured below.

-
—

An incremental

amount of

heat convected out of the

working fluid is

4@ = m Cp dT

Similarly, an incremental amount of heat radiated away (with

ng background radiation) is

17



Equating the two and integrating, one obtainms for the area of
the radiator divided by the product of the mass flow and the

coclant specific heat

Y

where Ar 1s the ideal radiator area divided by the fin

efficiency. The radiated power, Gr is

r = mECp ( Tin — Tout ) = Fe ( —————

Finally,the ezpression for radiator specific mass becomes

Mrad . I P~ r]rh / ‘/CJ; - ‘/Hq 3 \
- /"’Ll“act e T
. el fm 7,=w Mt “\ &q - @7 ,

This last expression 1s a good estimate of the radiator
specific mass. The scaling constant was adjusted to match
those results;obtained in chapter 5 to preserve accuracy in
the optimization. The models used in chapter 5 included the
effects of an earth background radiation temperatwre of 270
degrees K.

A1l of the terms developed in the preceeding pages were

coded into the program listed in the back pages of this

chapter. The results from the optimization are discussed in

18



The choice of the working fluid molecular weight is again
made with ,component masses in mind. The most sensitive
parameter 1s  the regenerator suwface area, where working
fluid to working fluid heat transfer is reguired. The numbear
of turbomachinery cstages requivred for a certain pressusa
ratio is also a function of the gas molecular weight with an
attendant impact on twrbomachinery complexity and mass.
Similarly the aerodynamic efficiencies of the cempreséor énd
turbine will be affected. This last consideration will impact
the cyzle thermal efficiency and the waste hezat load. Within
the range of mixtures to choose from, inert gasses are
employed to eliminate any potential contaminants from the
turbomachinery. The turbine is made out of a carbon/carbon

composite and might be sensitive to  high temperature

i1

reactions.

Helium is & good choice because of 1ts high thermal
conductivity which is a driver for small heat exchanger
suwface areas. It unfortunately also has a high specific heat
which, for a given presswe rise (or drop ) tends to push a
design towards an increasing number of stages. This is the
primary trade-—-off. The solution to this problem is a mixture
of He with some other inert gas. WNeon, argon, krypton and
venon are all viable possibilities, but only mixtures of He

and Xe result in minimal increases (from pure He ) in  heat

19
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#changer area, since the thermal conductivity (for a giwven

[H]

i

molecular weight) remains the higﬁest of all of the mixes
{zee figure &). As mentioned earlier, pushing the molecular
weight of the mixture will increase the aercdynamic blade
efficiencies in & component. This stems from an increased
volumetric flow, an increase in blade height, which in turn
reduzes the endwall losses and thereby increases the stage

efficiency.

21



The collector of this system measures appraoximately 12 m
in radius. Since the driving factor in making this system
competitive is the high power to mass ratio, deployable
configuwrations of the mirror were not considered. The
actuating mechanisms would be eliminated, making EYA assembly
marndatory. Frefabricated petals, or segments of the mirror
would be carefully assembled, resulting in a better guality
ratlector than might otherwise be possible. 5till the author
felt it was necessary to study the effzcts of an imperfect
mirror, to, see , what impact various errocrs might have on
collector performance or svstem weight. In the first
arnalysis, any misorientation more than hle‘Df the sun’s
rnrojected angle would render the system completly useless.
Fortunately, Faykaty [1Z5,141 has spent some time
investigating this problem, and has identified 4 important
variables +to optimize collector efficiency. These are
surface error, mirror rim angle, orientation error and
receiver cavity temperature. His calculations were compared
with & more accuwrate simulation given in refllZ] and the
results did not differ by more than 1.35%. Unfortuneately, no
comparisons were available with actual hardware. That
notwithstanding, his methods were duplicated, albeit with

some modifications.

When considering a collector system, two configurations

22



come immedistaly to mind. The simplest is the single reflec—
tor, focusing all of the energy at the focal point, which
would be the receiver aperture. The other would also consist
of & parabgoclic reflector, but augmented by a s2condary refle-—
ctor, hyperbolic in shape, to bring the focal point behind
the primary mirror. (See figure 07). From the structural
dynamics viewpoint, +the latter is best: all large masses
(receiver, radiators and primary reflector) are concentrated
in & single area. Low Freguency vibrations caused by

Shuttles or 0TV s docking with the space station would have a

minimal effect on optical alignment. Unfortunately, optical
guality will be worse since there are two reflectorz and
second surface longevity would be a problem. This is due

primarily to some pretty severe temperature cvcling during ar
ocrbital period. All of the primary surface’s energy 1s
getting reflected by the second suwface, which would absorb
zome of the enegy and reach a high equilibrium temperature
before cooling off in the =arth shadow. Additionally, it is
uncertain whether the blockage due to the radiators and
receiver would be any greater than that of the secondary
reflector. In light of these factors the simple single
reflector system was chosen.

A quick scan of figure 07 will show that %pprcximately
half of the ernerqgy dissipated by the radiators will =ink into
the primary reflector. So to check on steady state dish
temperatures for both configurations, we can write an energy

balance and solve for the temperature
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-n

L
=
Il

a + Fd [C0O11]

where: Fr i1s the radiated power
Fa is the =zglar absorbed power

Fd is the radiator dissipated power.

For the single reflector,

2 4 2 0 KEWe 1 - Nth
2 pi Rmsigep T =pi AMK a&a + a —————— ——————— [Coz]

The nomenclature contains the variable names and meanings.

Solving for T

4 K a 20 EWe a 1 ~ Nth
T = ———————- e ——— e [Ccozl
2
2 sig em 4 pi Rm sig em Mth

For silver coated fused silica with an overcoat of vapor
deposited Inconel, a = .03 and em'= .80. Assuming a cvycle
efficiency of 25%, {(conservative for this system) then the
steady state temperature reaches 194 degrees K. The thermal

transients during an orbital period are found by =solving

dT
@in - Gout = m Cp —— LCO47
dt

Since this power system produces energy continually during an

orbit, the radiators will dissipate the same power in the
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shade as in the sun. There is also =arth background infrared

radiation to consider, but it will be ignored for a maximum

tiransient analvsis. So thisg results in a non linesar eguation

i

of the form

2 4
a7 F0 EWe 1 — Nth 1 2 pi Rm =ig em T

The presence of the radiator power makes the eguation

L

difficult to solve analytically, so a Runge kKutta msthod was

uzsed so solve for T(t). A good +igure for collector mass is

-

2.1 kg/mg. And Cp (A1) = g26 J/ (kg E). Low earth orbit dic-—
tates a maximum shadow time of 28 mirn., and so substituting
all ﬁhe relevant wvariables gives a value»FDr the minimum
temperéture of the dish egual to 139 degress k. 50 thermal

tranzients remain reasonable st 35 degr

1]

es k. Repeating this
calculation for the secondary mirror (radius = 1 m) of the
Cassegrain arrangement, one finds that the steady state tem-—
perature is 673 degrees kK and that the temperature at shadow
exit 1is 392 degrees K. This gradient is more serious at Z31
degrees, grounds enough to justify a single reflector system.

One other phenomenon that will affect collector life was
recently ocbserved on STS8 4. An experiment was conducted to
see 1f there was any material erosion in LEQ, due to free
oxygen impacting at orbital velocities, thereby oxidizing the
surface . Folished surfaces were exposed in different direc-—

tions to the flight velocity vector to guantify the effect.
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Assuming the material being eroded is aluminium, an =rosion
rate of up to 40 microns per day was calculated at an orbital
altitude of 241 kms. At 420 kms, this rate went down by 2
orderz of magnitude. Either way, a mirror whose design life
is suppased to be ten yvears would never last. Solar cells are
typically protected with a thin (0.15 am) coating of quartz.
A similar ccocating might have to be applied at a penalty of

F

about 0.4 kg/m .

The analysis in [13] is outlined as follows. Fiven the
geometry shown in figure 08, 1t is clear that any errors
(misalignment or statistical) will diffuse the énergQ over &
larger area in the focal plane. Additionally, the sun is not
a poin£ source, S0 the image at the focus will have a finite
zize, depending on the mirror’s optical geometrv. Any aper-—
tuwe located in the focal plane will have to capture as much
energy &s poscsible while limiting the amount of re-radiation
coming out of the cavity. The latter is driven primarily by
the operating temperature of the receiver to the forth power
and directly as the aperture area.

The thermodynamic cycle efficiencies will dictate the
amount of power needed in the cavity, which in twn is a
function of the wmirror radius and achievable collection
efticiency. 3Since scaling relationships between mirror mass
and surface quality aren’t readily available, the intent of

this analysis 1is to determine a maximum acceptable error
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before collector mass penalties become too great.

As mentioned before, kKavkaty determined that the two key
geometrical variables are the mirror radius Rm and the rim
angle Tm. These combine tg form an expression for the focal

length, F

F = ———————————————— e [CO&1]
2 sin{Tm)

The eguation for a parabola with its origin at the focus is

1 + cos(T)

where rho is the distance from the focus to any point on  the
surface and T measurés the angular position of that point.
Festricting the analysis for the present» to the perfect
Mmirror, it is clear by referring to figure 08 that if a
reflected image of the sun from any poaint on the suwrface is
viewed narmal to the image path, that image will form a
circle. At the focal plane, this same image will form an
ellipse whose semi-major axis is a function of T. I¥f alpha
is defined as the half angle of the sun at 1 AU then the auxes

are given by

b = rho tan(alpha)

[CO31]
rho tan(alpha)

cos(T)
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It makes sense then that the higher the rim angle of the

collector, the more diffuse the image will be in the {ocal

plane. A= one rotates arocund the optical axis with a
constant T, the image formed at the focal plane will consist
of a set of superimposed ellipses all with their origins at

the focus. If K is the solar constant, +the amount of =snergy

that this swept ring intercepts is simply

Ee = K 2 pi Re dRe LCO21]

In polar coordinates

Re = rho sin(T)

dRe = rho cos(T)dT + sin(T)d{(rho) {Cl1o1]

rho sin(T) dT
d(rho) = ——r——————————
1 + cos(T)

Upon substitution, eqnlC1l2] becomes

rho sin (T) dT7

rho cos{T) dT + ——=———————————
1 + cos{T

dRe

rho dT [c111

Substitution into L[CO?]1 gives

)
e

Ee = 2 pi K rho sin(T) dT £c141

Integrated +from T=0 to Tm this last expression should equal
the mirror’s projected area times K.

Now since the optimum aperture radius is smaller than the
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largest of the ellipses axes, not all of the reflected en

1]

=4
is going into the receiver.' The presence of any ervrars will
scatter the reflected snergy =ven more over the focal plane,
by displacing the centers of the ellipses awav from the focal
pdint. The two kinds of errors considered are the statistical
surface errors and misorientation error. The surface errors
gxist as manutacturing imperfecticons, assumed to follow =3
noirmal distribution of O me2an and some specified standard
deviation. As data points, NASA Lewis built a 4.1 m (20 )

diamzter Mg mirror to a 1 sigma value of 1 mrad which massed

-~
-

at 3 kg/m and later, TRW constructed a 0.9 m (3 ft) diameter
mirror to 0.3 mrad at 1.7 kg/m . For this analysis, the

author believes that & 24 m (79 ft) diameter mirror could be
built to 1 mrad at 2.1 kg/mg.

Reference [13] displaced the ellipsgs only radially away
from the focal point, which results in a symmetrical energy
digtribution around the focal point. This simplifies the
analysis, but results in a slightly optimistic level of
parformance. Consult figure 092. This treatment also makes the

analyzis of a misoriented system easier as will be discussed.

This displacement distance is given by

rho tan(2 e)

where e is the average error of a narrow band within the

statistical distribution of errors.

Mow the task at hand is to determine what fractiaon of a given
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Image superposition in focal plane

for a perfect mirror

Image superposition in focal plane

for an imperfect mirror

FIGURE 9.

32




2llipse’s are=a is coincident with the aperture. The simplest
. . N .
way to do this 1s to perform an integration from © to  the

aperture radius of circular slements that lie within the

domain of the =llip=es. Several configuwraticons of circular
elements and ellipses are possible. Consult figure 10. The
progression outlined by cases 1-4 represents different

criteria +For computing Xi r, the arclength of a circular

=lement common  to the circle and the ellipse as cne integ-

-
i
+

gs dr from O to the apertwe radius.
Case 1 holds when the circle lies within the domain ot
the ellipse. Figuring exactly when this is the case is easier

t

I

do  when the equation of the =llipse is recast in polar

coordinates

ra
hJ

let o= r cos(l) y = r sinf(T)

Then =solving for r, one ocbtains

rJ

kb cos(T) + a sqrt( g + cos (T) (1 - g )

There are really two solutions for v, + and -, the latter
having no physical meaning. Taking the derivative of r wrt T

will lead a minimum of r and where it is located. Refer to
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CASE 3

Y

FIGURE 10 (cont.)
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figure 10,

dr - sin(T
_— TD e e e e e e e e e e ¥
dT £ 5 gsinm (T) + cos (T) 1 [Ci141
a cos(T) ( 1—q ) 2
(e + k) (5 + (1-3) cos (T) )

sqrt( g + cos (T) (i-q) )

>
s

2 cosiT) (1-s) ( k cosiT) + a z=qrt{ q + cos (T)» {(1-q) )y )

Finding the T's Ffor dr/d7 *+to be zero is not easily
accomplished analvytically, hence a numerical scheme such as
the secant method has to be used. Once the correct solution
ie found, reinserting T'into egn C12 will vield the maximum
radius for a circle to be completely inside the e2llipse.

Hence the value of the arclength will be

-

s

o

se la exists when the ellipse starts ocut bevond the
reach af r. The test for this case is when r < (k-a). And the
arclength is simply'zero.

Case 2 neeﬁs to be treated a bit differently, since Xi/pi
is less than 1| and is a function of geometry. This situation
holds when r < abs(k—-a) and when r < k+a. Here it 1is
convenient to solve for the coordinates of the intersection

of the circle and ellipse. Given their well known formulas,

Y
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b3
Id
rJ
rJ
J
o
J
3

Y = r = ¥ and y = b - {===) { x - k)

and s=stting them equal to each other results in an  esquation

rd
4
rJ

- ) - L I -
: o LA -

-~ kb +saglbt { bk -(a-bllab-&k-ar )

ki

Mote that the result is different than the one presented in

[1]. There are two solutions as expected.
LC1A1]

Therefore the swept arclength that lies within the ellipse is

Case 3 is similar to case 2 save that only one solution
of % is wvalid. This case is treated when + > abs{k-a) and
r < k+a. The negative value of % is simply discarded. Then

the arclength becomes

Case 4 is the simplest. If r > (k+a) then 8 is zero.

After the arclength has been found for a particular
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configwation, the following vields the +raction of the
zllipszse’s area that has entered Lthe aperture
i ! ECL
‘‘‘‘‘‘ | s ar [C171
pi a b i
0

Combining the relevant equations [ £1i1, €17 1 to come up with
the total power in the aperture yields
1 ¢ Ra
Fap = 2 pi K ( ————— i S dr ) rho

T, 00 [C191

where TO has besn changed from O to account for the receiver

Y

blockage. The energy stficiency (whd a particul ar

configuration would be the power going in  the aperture

i

divided by the amount of energy being intercepted by the

-~
a

dr ) rho sin (T) dT

ul

0 [C173

Misorientation error, which can be thought of as either
power system misalignment with the sun or mirror-receiver
misalignment, will spread cut to an =ven greater degree the
2nergy in the focal plane. The equation azbove needs to be
modified slightly to account for the effective shift in
aperture location. If d quantifies this shift, the interior

equaticn in [C22]1 changes to

Rd,ftl.
1 phi
——— ———— G dr
a b pi
10
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erﬁ.

Figure 11. Misaligned aperture geometries in the focal plane.
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provided that the energy distribution remzins svmmetrical
about the origin. The shift distance {(check figuwe 11) is

uwantified by
d = F tarmi{m) L2201

For emall angles of misorientation, the =2llipse displacement
ke nesd not be modified. The ratio phi/pi is found by solving
for the intersecting points of the periphery of the apertures

ard an arbitrary circle of radius v

~ ~ s = . -
# o+ vy = r (2 +d) + y = r
Eguating vy s. and solving for ® and phi
2 2
Ra - r d .
®“o= TTmTTmmmTemT s T fCc211
2 4d 2
-1 H
phi = cos ¢ =)
r

s

So once again the energy efficiency with error modeling

becomes
Larol
2 T 1 phi - 2
Me = ————— {( ——= -——= S dr ) rho sin (T) dT
_ 2 ab pi
pi Rm _ CCz221
lo 0

The concentration efficiency is & product of the blockage
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efficiency, mirror coating efficisncy snergy efficiency  and

the effs

it

ctive solar absorptivity of the receiver. However,

the receiver can be thought of as a blackbody, so the

it

absorptivity is set

n

o 1. To get the collection efficisncy,
one needs to include the radiation losses out the aperture.

These are

_.4
=2m sig Aap Tr
L T e e e (o2

et

pi Rm K

S50 the overall collection sfficiency becomes

Ne = Mb Mr Ne - Lr i cmal

One needs to remember that this efficiency i1s solely a

furnction of cone error e, and one misorientation angles, m. As

s

mentioned hefore the surface errors behave in & normally
distributed manner. So, picking a certain standard deviation,
one proceeds to divide up the mirror into s=specific esrror
bands, each having a certain probability of existing. Then
the computation for Me is run for each error band”s average e

and for S or 4 different aperture to mirror radius rations. A

table can be constructed with all these values, =

Y]

erxemplified in tables 1 - 13. Next all the energy efficien-
cies common to a certain radius ratio are multiplied by their
probability of occurence and then summed. The results of

these summations can be plotted for clarity. If the radiation



thesse summations can be plotted for clarity. I+ the radiation

h
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n

= »  then an  optimum
collection efficiency should appear at some specific aperture

radius. All this computation is for one specific mirror

geometry and Zavity tempersture. The latter is invariant at

1750 degrees K fram the cyvcle analysis. The former is  a
matter of choice, insofar that the power constraints are
satisfied. For a good first guess [1&1 presents a guick

mzthod to find the optimum mirror rim angle, provided that

4]

there are no errors, which works out to be 45 degree

Figure 12 shows the sensitivity of collection efficiency

m
Hi]

a function of miscorientation for a given mirror geomstry
and surfacze quality. The data is represented in this fashion
to show ths impact of pointing accwacy en the collection

systam efficiency. One should notice that the higher the

mirror rim angle, the less sensitive the collectiaon
efficiency is *to variatiomns in pointing accuracy, at the
sxpense of some collection efficiency. fal reasonable

compromise would be to design the mirror with a rim angle of
55 degrees. Without additional knowledge of mirror guality vs
MASS, any cvcle optimization algorithm will try amd drive
mirror suwface error to 0. Therefore it must be fixed to some
reasonable value, say 1 sigma = 1 milliradian. Reference [17]
has 1investigated the effects of higher suwface errors and

reports that collection efficiency drops to about &4% at 4

42



Collection efficiency

Collection efficiency

Collection efficiency

O
o

[oo]
o

70 B S NN N B B SR S A
0 1 2
Surface quality (mrad), lo
3
90 —
i 9= 557
80
70 | 4 1 L l i 1 LS [—'

0 1 : 2
Surface quality (mrad), lo

v
o
l>‘

©
o
1

- RB= 0"
3= 15"

70 T T ¥ T r L ! 1 ‘{"

0 1 2
Surface quality (mrad),lo

Figure 12,

43



& error and 4% a2t 8 arad error i1+ the cavity temperature

iz held at 1300 degrees K. For a szurface guality of 1 mrad,

ion efficiency of 814 with some

[}
a
il
T

can acheive & collec

tolerance for misalignment error. The gptimum apertuwe radius

i

to choose is then 14 cm.

Figure 12 b shows some of Kavkaty' s work {for the same

H]
._h

collector. The fect of misaligning the mirror by halt of

the sun’s projectsd amgle at 1 AU (135 min) i1s clesarly shown.
The performance is penalized by about &%. 4 a matter of

interest, the space telescope can achiesve sub second pointing
ACCUFatY. It ig unreazonable to =xpect a space plat%ofm with
zhifting masses abord to maintain that kind of accuracy. 3So
the author felt that some misalignment error had to be
included in the design stage.

qu in part to some differences in  the equations, the

author's computed values for * in aperture energy sfficiency

5
ili

=1

i

somewhat larger (IZ4), but these ditferences weren’t

discernible when collzction efficisncy was found.
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Figure 13. Energy and collection efficiency as a function
of receiver aperture radius [13]
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TABLE 1

Tabulated values of energy efficiency (nE) and collection
efficiency (nc) for a 12 m, 30° rim angle and 1 mrad

standard deviation mirror.

No misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average r_/r Probability
a’ " m
exrror of
(mrad) .002 .006 .010 .014 .018 | occurence
.1 .04 .41 .98 .99 .99 .15850
.3 .04 .41 .95 .99 .99 .15234
.5 .04 .41 .90 .98 .99 .14064
.7 .04 .41 .85 .98 .99 .124890
.9 .04 .41 .80 .98 .99 .10640
1.1 .04 .39 .74 .97 .99 .08718
1.3 .04 .36 .69 .95 .99 .06862
1.5 .04 .32 .64 .92 .99 .05192
1.7 .04 .29 .58 .97 .99 .03792
1.9 .04 .25 .53 .82 .99 .02636
2.1 .03 .21 .48 .77 .97 .01769
2.3 .02 .18 .43 .72 .95 .01141
2.6 .01 .13 .36 .64 .89 .01128
3.1 0 .08 .25 .51 .75 .00444
z .0391 .3802 .8173 % .9554 .9863

Collection efficiency

ra/rm r]BanE RL nc
.002 . 0347 .0015 .0332
.006 .3377 .0138 .3239
.010 . 7260 .0383 .6877
.014 . 8489 .0750 .7739
.018 .8761 .1240 .7521

Receiver temperature = 1750°K
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TABLE 2

Tabulated values of energy efficiency (nE) and collection
efficiency (nc) for a 12 m, 45° rim angle and 1 mrad

standard deviation mirror.
No misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average r./r Probability
error of
(mrad) .002 .006 .010 .014 .018 occurence
.1 .09 .81 .99 .99 1.00 .15850
.3 .09 .79 .99 .99 1.00 .15234
.5 .09 .76 .99 .99 .99 .14064
.7 .09 .70 .98 .99 .99 .1248
.9 .09 .65 .96 .98 .99 .1064
1.1 .09 .60 .94 .98 .99 .08718
1.3 .09 .56 .91 .98 .99 .06862
1.5 .09 .51 .87 .98 .99 .05192
1.7 .08 .46 .84 .98 .99 .03772
1.9 . .07 .41 .79 .97 .99 .02636
2.1 .06 .36 .74 .96 .99 .01769
2.3 .04 .32 .69 .94 .99 .01141
2.6 .02 .25 .61 .89 .99 .01128
3.1 0 .15 .48 .80 .96 .00444
z .0867 .6710 .9435| .9822| .9622

Collection efficiency

ry/Tn NgNR"E Ry Ne
.002 .0770 .0015 .0755
.006 .5960 .0138 .5822
.010 .8381 .0383 .7998
.014 .8725 .0750 .7975
.018 .8813 .1240 .7573

Receiver temperature = 1750°K
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TABLE 3

Tabulated values of energy efficiency (nE) and collection
efficiency (nc) for a 12 m, 55° rim angle and 1 mrad

standard deviation mirror.

No misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average ra/rm Probability
error of
(mrad) .002 .006 .010 .014 .018 occurence

.1 .12 .88 .98 1.00 1.00 .15850
.3 .12 .87 .98 1.00 1.00 .15234
.5 .12 .84 .98 .99 1.00 .14064
o7 .12 .81 .98 .99 1.00 .12480
.9 .12 .77 .98 .99 1.00 .10640
1.1 .12 .69 .95 .99 .99 .08718
1.3 .12 .63 .93 .98 .99 .06862
1.5 .12 .59 .91 .98 .99 .05192
1.7 .11 .54 .87 .98 .99 .03792
1.9 .09 .49 .84 .97 .99 .02636
2.1 .07 .44 .80 .96 .99 .01769
2.3 .05 .39 .77 .94 .99 .01141
2.6 .02 .32 .70 .91 .98 .01128
3.1 .01 .20 .56 .84 .96 .00444
T .1154 .7572 .9512| .9876 .9959

Collection efficiency

r2/Tn "gRNE Ry Ne
.002 .1025 .0015 .1010
.006 .6726 .0138 .6588
.010 . 8450 .0383 .8067
.014 .8773 .0750 .8023
.018 .8846 .1240 .7606

Receiver temperature 1750 K
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TABLE 4

Tabulated values of energy efficiency (nE) and collection
efficiency (nc) for a 12 m, 65° rim angle and 1 mrad

standard deviation mirror.

No misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average r./r Probability
a’ " m
error of
(mrad) .002 .006 .010 .014 .018 occurence
.1 .15 .86 .98 .99 1.00 .15850
.3 .15 .85 .98 .99 .99 .15234
.5 .15 .82 .97 .99 .99 .14064
.7 .15 .81 .97 .99 .99 .12480
.9 .15 .78 .95 .99 .99 .10640
1.1 .15 .73 .95 .99 .99 .08718
1.3 .15 .68 .94 .98 .99 .06862
1.5 .14 .62 .89 .98 .99 .05192
1.7 .13 .58 .85 .95 .99 .03792
1.9 11 .53 .82 .95 .99 .02636
2.1 .09 .48 .79 .93 .99 .01769
2.3 .06 .43 .75 .91 .97 .01141
2.6 .03 .33 .70 .87 .96 .01128
3.1 .01 .24 .58 .30 .93 .00444
z .1435 L7617 .9434 | .9814 .9901
Collection efficiency
/T Ng"RE Ry, Ne
.002 .1275 .0015 .1260
.006 .6766 .0138 .6628
.010 . 8380 .0383 .7997
.014 .8718 .0750 .7968
.018 .8795 .1250 .7545
Receiver temperature = 1750 K
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TABLE 5

Tabulated values of energy efficiency (nE) and collection

efficiency (nc) for a 12 m, 45° rim angle and 2 mrad

standard deviation mirror.

as a function

No misorientation error.

Energy efficiency

of mirror error and aperture to receiver radius

Average ra/rm Probability
error of
(mrad) .002 .006 .010 .014 .018 occurence
0.2 .09 .80 .98 .99 l.- .15850
0.6 .09 .74 .98 .99 .99 .15234
1.0 .09 .63 .96 .99 .99 .14064
1.4 .09 .53 .90 .99 .99 .12480
1.8 .08 .43 .82 .98 .99 .10640
2.2 .05 .34 .72 .95 .99 .08718
2.6 .02 .25 .61 .89 .99 .06862
3.0 0 .17 .50 .82 .97 .05192
3.4 0 .10 .40 .74 .95 .03772
3.8 0 .04 .31 .65 .89 .02636
4.2 0 0 .21 .54 .84 .01769
4.6 0 0 .13 .44 .56 .01141
5.2 0 0 .04 .30 .44 .01128
€.2 0 0 0 .07 .38 .00444
.0661 .5005 .7987 | .9246 .9692
Collection efficiency
ra/rm nBanE RL e
.002 .0054 .0015 .0039
.006 .4446 .0138 .4308
.010 .7095 .0383 .6712
.014 .8205 .0750 . 7455
.018 .8610 .1240 .7370
Receiver temperature = 1750 K
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TABLE

6

Tabulated values of energy efficiency (nE) and collection

efficiency (nc) for a 12 m, 55° rim angle and 2 mrad

standard deviation mirror.

No misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average ra/rm Probability
error of
(mrad) .002 .006 .010 .014 .018 occurence
.02 .12 .87 .99 .00 1.0 .15850
.06 12 .83 .99 .99 .00 .15234
1.0 .12 .72 .93 .99 .99 .14064
1.4 .12 .61 .91 .99 .99 .12480
1.8 .11 .51 .86 .98 .99 .1064Q
2.2 .07 .41 .78 .95 .99 .08718
2.6 .02 .32 .70 .91 .98 .06862
3.0 0 .22 .57 .85 .97 .05192
3.4 0 .14 .49 .80 .93 .Q3792
3.8 0 .08 .39 .73 .91 .02636
4.2 0 .03 .31 .64 .86 .01769
4.6 0 .01 .22 .56 .81 .01141
5.2 0 0 .11 .42 .72 .01128
6.2 0 0 .02 .22 .34 .00444
z .0883 .5731 .8273) .9370| .9745
Collection efficiency
£a/Tn NpR"E Ry, Ne
.002 .0784 .0015 .0769
.006 .5091 .0138 .4953
.010 . 7349 .0383 .6966
.014 . 8323 .0750 .7573
.018 . 8657 .1240 .7417
Receiver temperature = 1750 K
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TABLE 7

Tabulated values of energy efficiency (nE) and collection
efficiency (nc) for a 12 m, 65° rim angle and 2 mrad
standard deviation mirror.

No misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average r /r Probability
a’"m
errox of
(mrad) .002 .006 .010 .014 .018 occurence
.2 .15 .85 .98 .99 1.00 .15850
.6 .15 .81 .98 .98 .99 .15234
1.0 .15 .76 .94 .98 .99 .14064
1.4 .14 .65 .90 .97 .99 .12480
1.8 .12 .55 .84 .95 .99 .10640
2.2 .07 .45 .77 .92 .98 .08718
2.6 .03 .33 .70 .87 .96 .06862
3.0 0 .25 .59 .81 .93 .05192
3.4 0 .18 .50 .76 .88 .03792
3.8 0 .11 .44 .68 .85 .02636
4.2 0 .06 .36 .63 .81 .01769
4.6 0 .04 .28 .57 .75 .01141
5.2 0 0 .18 .45 .66 .01128
6.2 0 0 .07 .30 .52 .00444
T L1061 .5907 .8267 1 .9188 .9653

Collection efficiency

ra/rm nBanE RL nc
.002 . 0942 .0015 .0927
. 006 .5247 .0138 .5109
.010 . 7344 .0383 .6961
.014 . 8162 .0750 .7412
.018 .8575 .1240 .7335

Receiver temperature = 1750 K
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TABLE 8

mirror radius (m) 12
focal length (m) 14.5
rim angle (degrees) 45
speed .6
coating efficiency .9
blockage efficiency .987
cavity temp (°K) 1750
percent convergence .007
mirror surface error
(mrad) 0

intercepted energy (W) 628,800
r_ (m) Ng Ne

.05 .40 .35

.06 .57 .50

.07 .78 .68

.08 .91 .79

.09 .98 .85

.10 .98 .85

.11 .59 .85

.12 .99 .84

.13 .99 .83

.14 .99 .83

.15 .99 .82
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TABLE 9

Tabulated values of energy efficiency (nE) and collection
efficiency (nc) for a 12 m, 45° rim angle and 1 mrad standard

deviation mirror.

15 minutes misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius.

Average ra/rm Probability
error of
(mrad) .002 .006 .010 .014 .018 occurence
.1 .08 .43 .86 .99 1.00 .15850
.3 .07 .42 .85 .98 1.00 .15234
.5 .07 .42 .85 .98 1.00 .14069
.7 .06 42 .83 .98 1.00 .12480
.9 .06 .41 .80 .98 .99 .10640
1.1 .05 .38 .78 .97 .99 .08718
1.3 .05 .38 .76 .95 .99 .06862
1.5 .05 .36 .72 .94 .99 .05192
1.7 .04 .34 .69 .92 .99 .03792
1.9 - .04 .31 .66 .90 .99 .02636
2.1 .04 .29 .62 .87 .98 .01769
2.3 .04 .26 .58 .84 .98 .01141
2.6 .03 .22 .52 .80 .97 .01128
3.1 .02 .16 .42 .71 .95 .0444
z .061 . 395 . 301 .964 .994
Collection efficiency (Tr = 1750°K)
T/ Ty NgNRE Ry, Ne
.002 .054 .0015 .053
.006 .351 .0138 . 337
.010 .712 .0383 .673
.014 . 856 .0750 .781
.018 .883 .1240 .759
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TABLE 10

Tabulated values of energy efficiency (nE) and collection
efficiency for a 12 m, 55° rim angle and 1 mrad standard

deviation mirror.

15 minutes misorientation error.

Energy efficiency

as a function of mirror error and aperture to receiver radius

Average r_ /r Probability
error a m of
(mrad) .002 .006 .010 .014 .018 occurence
.1 .10 .56 .96 .99 1.00 .15850
.3 .10 .56 .95 .99 1.00 .15234
.5 .09 .55 .94 .99 1.00 .14069
.7 .09 .54 .93 .99 .99 .12480
.9 .07 .53 .91 .99 .99 .10640
1.1 .07 .52 .87 .98 .99 .08718
1.3 .06 .49 .86 .98 .99 .06862
1.5 .05 .46 .82 .96 .99 .05192
1.7 .05 .43 .79 .95 .99 .03792
1.9 .05 .40 .75 .94 .99 .02636
2.1 .05 .37 .71 .93 .98 .01769
2.3 .04 .34 .68 .90 .97 .01141
2.6 .04 .29 .62 .86 .97 .01128
3.1 .03 .20 .52 .79 .94 .0444
L = .079 .520 .898 .977 .993

Collection efficiency (Tr = 1750°K)

ry/Tn "g"R"E Ry Ne
.002 .070 .002 .069
.006 . 464 .014 . 443
.010 .798 .038 .759
.014 .868 .075 .793
.018 .862 .124 .758
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TABLE 11

Tabulated values of energy efficiency (nE) and collection
efficiency for a 12 m, 65° rim angle and 1 mrad standard

deviation mirror.

15 minutes misorientation error.

Average r /r Probability
a’"m
error of
{(mrad) .002 .006 .010 .014 .018 occurence
.1 .12 .66 .96 .99 1.00 .158590
.3 .12 .66 .95 .99 1.00 .15234
.5 .11 .65 .94 .99 .99 .14069
7 11 .64 .93 .98 .99 -12480
.9 .10 .61 .92 .98 .99 .10640
1.1 .10 .60 .89 .97 .99 .08718
1.3 .09 .57 .87 .97 .99 .06862
1.5 .08 .53 .84 .95 .99 .05192
1.7 .07 .49 .81 .95 .99 .03792
1.9 .06 .45 .78 .93 .98 .02636
2.1 .05 .41 .74 .91 .98 .01769
2.3 .05 .37 .70 .89 .98 .01141
2.6 .04 .31 .64 .85 .96 .01128
3.1 .03 .22 .54 .79 .91 .0444
L= |.103 .605 .905 .974 .991

Collection efficiency ('I'r = 1750°K)

]
ra/rm Ng"RE i RL Ne
.002 .092 .002 .090
. 006 .537 | .014 | .524
t.010 .804 .038 .766
.014 .865 .075 .790
.018 .880 .124 .756
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TABLE 12

Tabulated values of energy efficiency (nE) and collection

efficiency for a 12 m, 45° rim angle and 2 mrad standard

deviation mirror.

15 minutes misorientation error.

Average r /rn Propability
error a & of
(mrad) .002 .006 .010 | .0l4 | .o018 occurence
.2 .07 .42 .37 .99 1.00 .15850
.0 .07 .42 .84 .99 .99 .15234
1.0 .05 .39 .79 .97 .99 .14069
1.4 .05 .37 .74 .97 .99 .12480
1.8 .04 .33 .67 .91 .99 .10640
2.2 .04 .27 .59 .85 .98 .08718
2.6 .03 .22 .52 .80 .25 .06862
3.0 .03 .17 .44 .73 .91 .05192
3.4 - .02 .13 .36 .65 .87 .03792
3.8 .01 .10 .29 .58 .81 .02636
4.2 0 .07 .23 .49 .75 .01769
4.6 0 .04 .17 .41 .68 .01141
5.2 0] .01 .11 .30 .56 .01128
6.2 0 0 .04 .16 .36 .0444
z .047 .324 .679 .882 .958
Collection efficiency (Tr = 1750°K)
ro/Th g "R"E Ry, Ne
.002 .042 .002 .040
.006 .288 .014 .274
.010 .5603 .038 .565
.014 .784 .075 .709
.018 . 851 .124 .727
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TABLE 13

Tabulated values of energy efficiency (nE) and collection
efficiency for a 12 m, 55° rim angle and 2 mrad standard

deviation mirror.

15 minutes misorientation error.

Average ra/r_'1 Probability
error = of
(mrad) .002 .006 .010 .014 .018 occurence
.2 .10 .56 .96 .99 1.00 .15850
.6 .09 .55 .92 .98 .99 .15234
1.0 .07 .52 .89 .98 .99 .14069
1.4 .06 .48 .84 .96 .99 .12480
1.8 .05 .42 .77 .94 .99 .10640
2.2 .04 .35 .70 - .91 .98 .08718
2.6 .04 .2 .62 .86 .97 .06862
3.0 .03 .21 .54 .80 .95~ .05192
3.4 .02 .15 .46 .73 .91 .03792
3.8 .01 .11 .37 .67 .87 .02636
4.2 .01 .08 .30 .59 .82 .01769
4.6 0 .06 .23 .51 .76 .01141
5.2 0 .02 .15 .39 .66 .01128
6.2 0 0 .06 .23 .48 .0444
z .061 .423 .773 .911 .969

Collection efficiency (Tr = 1750°K)

ra/rm nBanE RL nc
.002 .054 .002 .052
.006 .376 .014 .362
.010 .687 .038 .649
.014 . 809 .075 .734
.018 .861 .124 .737
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TABLE 14

Tabulated values of energy efficiency (nE) and collection

efficiency for a 12 m, 65° rim angle and 2 mrad standard

deviation mirror.

15 minutes misorientation error.

Average r /r Probability
error a_n of
(mrad) .002 .006 010 .014 018 occurence
.2 .12 .67 .96 .99 1.00 .15850
6 11 .64 .94 .98 .99 .15234
1.0 .10 .60 .90 .97 .99 .14069
1.4 .08 .55 .84 .96 .99 .12480
1.8 .07 A7 .80 .94 .99 .10640
2.2 .05 .39 .72 .90 .97 .08718
2.6 .04 .31 .64 .85 .96 .06862
3.0 .03 .24 .56 .80 .92 .05192
3.4 .02 .18 .48 .75 .87 .03792
3.8 . .01 .13 .40 68 .84° .02636
4.2 .01 .09 .33 .61 .79 .01769
4.6 0 .07 .26 .53 .73 .01141
5.2 0 .04 .19 .43 .65 .01128
6.2 0 .01 .10 .28 .50 .0444
.077 .488 .788 .910 .963
Collection efficiency (Tr = 1750°K)
ra/Th NgMRE Ry, Ne
.002 . 068 .002 .066
.006 .434 .014 .420
.010 . 700 .038 .662
.014 . 808 .075 .733
.018 . 855 .124 .731
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TABLE 15

mirror radius (m) 12
focal length (m) 14.5
rim angle (degrees) 45
speed .6
coating efficiency .9
blockage efficiency .987
cavity temp (°K) 1750
percent convergence .7

mirror surface guality
(mrad) : 0

misorientation error
(min) 15

intercepted energy (W) 628821

ra/rm "E nc
.024 .08 .07
.072 .43 .37
.120 .86 .73
.168 .99 .80
.216 1.00 .76
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To simplify the dyvnamics of the ocower station, the author
has chosen & sun pointing system. This eliminates any
problems of transmitting power through a gimbal. The design

will revolve around a =zingle rotating group consisting of A

simgle stage centritugal compressor and turbine and a single

pole pair alternator &1l on a common shaft, much like the

Sarrett BRU's developped for NASA a decad:

hy

go isee figure

17y, The problem of attitude control in the face of speed
variations of the twbomachinery needs to bes addressed.

Figure 14 1is & gocd decsign chart for dimensioning the
twrbomachinery.  The choices of specific speed, Ns, and
specif?: diameter, Ds, { defined by equations 4 and 5) are
sndless, even within a desired effici=ncy range. To define
the proper region of operation, one needs to consider  the
aerodynamic, shtress and bearing limitations.

The bearing limitation encountered in most turbopumps
does not  apply here, since this configuration uses air-
bearings with no mechanical contact between the shatt and
foil bearing surtace. Of more caoncern would be the labrinth
tvpe seals on either end of the alternator. The working
pressure ditferential across them is not severe, but the high
temperatures on the turbine =side might cause some concern.

A maximum of 610 m/s was imposed on  the rotating
components rim speed to avoid potential failures due to creep

or root stress. Existing gas turbines operate with rim speeds
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around 530 m/s, using high strength allove. The material that

shouwld bz wused in this spplication iz a carbon/carbon

-
i

composite, whaose stremgth increases with mparaturea. The
phvsical properties of this layup and the construction
details are classified, but calculations using unidirectional

graphite/epoxy composites are valid, vet ZZonservative. A

typical density for a grapghitelepoxy composite is 13225 kg/m.

7

The vield stress is 14661 megafFa

iy
i

C:

bt

lz. . Considering only hoop

it

treeses, one finds that

3

g = p Vv

Thig results 1n & madimuam rim speed of 1040 m/s bhefore

failwe. Even with all of the conservative assumptions, there

=3
Wi
13U
_'.
i

actor of satety of 1.7 for a rim speed of &10 m/s.

Fluid mechanicz also imposes & minimum acceptabl: im

cpeed for the given enthalpy rise of 1530 m/s, labelled "limit
line for dynamic pumps” in  figure 14. Eetween these
constraints, there 1s a chaice betwesn the desired head rise
and the obtainable efficiency, both subject to the specific
heat  (molecular weight) of the working fluid. The obiective
is to choose a mixture with a molecular weight that is as low
as possible to improve the heat transfer sffectiveness of the

recuperator. The rationale for this is discussed in chapter

4.2 Turbine design.
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In most gas tuwrbine spplications, the tuwrbine is the most
highly stressed component of the rotating group. being
subject to the highest temperatures and oparating at  the
highest rim speed. As previously discussed, we are coing to
limit the latter to 610 m/s. With this in mind, one can

proceed to find the geometricasl properties of the impeller.

Orne  must start by computing the hesd loss reguired, defined

by

gH = Cp Tmax (1 —£.) [11]
where Cp = (y/&—i) R/A - Right away, the choice of the
malecular weight affects the design. Lowsring the molecular
weight increases the head 1lozs and drives the stage

gfficiency towards lower wvalues. The flow cmef%icient,y/, 15

defined as -

aH
Qf = e L2213
(L RYT
where R is the rim speed. For reasons of flow stability,

ore would like to keep the value of ?’ less than unity, Ft
unity, the flow passages glong the impeller blades are
nerfectly radial while at values less than unity thevy become
‘hbackwards leaning’. fdditionally, i+ one operates in
english units. the following expression relates especific

speed to diameter by
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NeDg = ~—~o=—-— £z1

This relationship is plotted in figure 14 for'?‘= 1. This 1=
the lower rim speed limit line. This means simply that ‘? *1
is not acceptable. S0 one normally would pick an  operating
point in the region of highest sfficizsncy to the right of the
appropriats limit line. fs mentioned esarlis=r, howaver, one
would like +to choose a low moleculsr weight working fluid.
If the rim speed is held constant, lowering the gas mivture
moalecular weight will increase the head rise [=2qg. 11 and the
flow coefficient [eg 21, and reduce the product Ns Ds [eg.

1.

iy

electing too low & molecular weight would constrain the
cperating point to regions of poor efficiency (zee figure
14). Table 146 presents the specific heats, head losses, flow
cosfficients and maximum achisvable stage efficiencies as =&
function of gas mixture molecul s weight. From this data, a
malecul ar weight of 40 waz s=lected. The attendant head loss
15 271,000 Jd/kg and the +flow coefficient is 0.728.
Subetituting the flow coefficient in eguation 2 and picking a

design point within the 904 efficiency contour gives

Ms = 2,400 Le = L0573 ‘ernglish units)

To calculate the geometry of the impeller disk, one needs to
eupress  the nondimensional specific speed and diameter in

terms of physical properties, namely
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TABLE 16

Turbine performance vs. working fluid moleculér weight.

M
He - Xe molecular weight
20 40 60 80

Cp 1039.5 519.75 346.5 259.875
gH 542,000 271,000 180,670 135,500 !
] 1.457 0.728 0.486 0.364
n ? .90 .95 .95
max

67



blg = ————— and Bz = —————- £a]
oy ot ’
"gri) o=
where @ and are the volumetric flow rate amd the rotational
freguency. These non-dimensional groups are relatsd to  the

english guantities by

i
i
F
-
I3
(@
=4
ul
*
o
1
I
o
-1
@
iy
©J
it
K
~
i
-

S50 in nondimensional units these valuss become

Beforsz proceeding, we nesed to select either L or D, Faor
convenient electrical design, the author chooses to have a
single pole pair alternator spinning at 800 rev/szc  which
gives 200 Hz at ratsd power. Therefore, the compressor,

altermator znd twbine will all spin at 48,000 rpm or 502&.6

rad/sec. This immediately fixes the radius of the impeller
to 12.14 cm. The volumetric flow rate can be simply found
from 4]
*1 3
{(Ns ) {(gH)
Q = ——————5———— LA
QA-
and 1is equal to 4.7214 m /=z=eac. Another way of writing [&1]

would be

@ =2 RDbVr L71

where R is the impeller radius, b is the flow passage width
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at the rim and Yr ie the {(zubsonic) radial leg

i8]

as velocity

511

at the rim. Tentativ

in
s

¥y selecting & mach number of .2 +for
the radial gas flow in the rotating frame, one can find Vr

indirectly through energy conservation. Biven

Cp Tm =0Cp T + —— and  ———== = .5 [3]

where Tm iz the mackimum turbine inlet temperaturs, one can

solve for Vr  vyielding

P . [l

,._-
L
(W}

an]
+

S

pra )

.

Froper substitution of the appropriate valuess gives a radial
gas velocity of 243 m/sec. Then from equations 4 and 7 one
obtains the ratic of flow passage width to impeller radius

from

o
b3
[ars
ul
I

- = - = e L1073

This final value is 0.128. The final gecmnetry i1s sketched in

figure 15, along with that of the compressor.

4.7 Compressor design

The compressor 1is sized in exactly the same fashion as

=

the turbine. The head rise, in this case is
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For convenisnce, if we cheoosz the same non-dimensional

specific speed and diameter +or the compressor as  the

turbine, the rim speed can be found from

and yvields a value for flr = 444 m/sec. The volumetric flow
rate can then be found from eguation &, remembering that

has the same value for all of the rotating companents. &
then becomes 1.637 m /sec. If crne can assume that the
impeller disks remain similar geometrically, then the ratio
b/R 5£ay5 the same at .123. The radial gas velocity +then

results +from eguation 10 and is equal to 2464 m/sec. The

temperature of the gas at the impeller rim can be found from

eguation 8 and is 319 k. The speed of sound at that point
is I32 m/s. This implies that the radial gas flow in the
rotating frame is at M = 0.79, which is a bit high for this

application. Recasting the equation for b/R [10]1 in terms of

Mach number
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(~___
13

0

T

+

A B §
L

ol

——d

e

T

¢

paj
= SIS



Fickimg & radial gas Mach number of 0.6 (207.73 m/s) qgives &

value Ffor b/sR egual to 0.1672. The Mach nfumbeEr in  the

My = = —emm—m——— [141]

The speed of sound at the rim is 245.5 m/s and the diffuser

Mach number 1in the rest frame iz 1.42. Thizs allows us  to

m

ﬂ o
where m 15 the mass ftlow through the cvole. With a aas
molecular weight of 40, the mass flow works cut to 0.70351
kg/esc, and the density becomes O,4254 ka/m . The compres-—

zible flow function for density is

f ot

g S

s0 that the flow stagnates ideally to a density of 0.72 kg/m

Since the temperature at that point is 642 K, this gives

a1

cycle peak pressure of
Foo= ) Rj T = 125,344 N/m

This corresponds to 1.23 atmospheres, a very acceptable
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Traditionally., *the w

]

ste heat radiators of & Bravton
cycle were the most massive components of the system.
Thermodvnamics dictate a non isocthermal ~adiator design,

which needs increasing area to radiate power &

Ul
ri
g
1]

temperatwe drops. Frevious designs used organic coolants
which could not operate much above 300 K. The effective
tamperatuwre (that which would dissipate the reguired power if
the radiator was isothermal) was then quite low. These two

ra2asons were primarily responsible for the large masses of

o

these designs. The key to this design is the high operating
temperature. Intuitively, the laower the bottom cvyecle
tempergture, the more work is available from the system.
Unfortunately, there 1is the background earth infra-red
radiation to contend with, with an energy spectrum that
corresponds to a blackhody radiating at 270 K. This effect
cannct be igrnored, since the energy that is being rejected by
the cycle is right in that range. Therefore special coatings,
etc. are useless. This then imposes a constaint or a madimum
value on the cycle temperature ratio.

There are also material constraints., not only in  the
physical properties (melting, freezing points) of the coolant
and in the choice of fin material, but of compatibility of
the fin and tube material tao the coolant. At radiator inlet

temperatures of 475 K corrosion problems may be guite severe.
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The combination of aluminium and mercury was ruled out for

that reason. Additionally, the material chosen for the piping

cannot soften at radiator inlst temperatures for both
micrometecrita protection and intarnal pressura consi-
derations. Judging from some stirrength vs. hours at

temperature curves, the +tube +fin material has to have a
melting point at least twice the maximum working temperature.
In light of &all these factors, molibdenum was chosen far the
radiator materizl and potassium selected for the coolant.
Fotassium 1is a liguid metal which freezes at 3IZ7 K, so the
minimum cvycle temperature was raised +to 350 K. Further
thought must be given to the start up problem since potassium
is Ffrozen at room temperature. A 746.7 to 23.3 parcent  (by
weight?) mix of potassium and sodium will lower the freezing
point of the mixture to 260 kK, thereby resolving that
probleé. Figure Rl is a phase diagram of mixtures of Mak. For
purposes of analysis though, only pure potassium was used.
Another matter worth considering is the reliability of
the radiatore. & leak in a ligquid coolant fin and tube design
would prove disastrous. A more reliable system would use a
quantity of heat pipes, each independant of the other. Single
paint failure would then be eliminated, and repair could be
carried out without powering down the whole system. A good
simulation of the physics of such a system and some algaorithm
to optimize a given configuration was beyond the scope of
this treatise. However, the analysis and optimization of the
more conventional fin and tube radiator was a more reasonable

task. It is generally accepted that the mass to power ratio



of & heat pipe radistor is less than its flow-tvpe counter-—
part, so any estimates made with the latter should be conser-—
vative., Fimallv, since the radiator in this design is  the

lzast massive of the major components of the power cvcle,

any 2rraors introduced by conservatism will be minimal.

h
I

Design Considerations

To account for some protection against micrometeorites,
it is necessary to add material to the manifolding and the
tubes for some reliability. The guantity added is a function
of the desired time to perforation. The design life of this
svystem is 10 vears, so there is no need to protect the svystem
against the 10,000 year impact. Refl{ll]l presents some fitted
empirical data for micrometeaorite impacts gt near earth
conditionz. The reference gives certain formulas that relate
pertoration rate to skin thickness. These are plotted in
figure 1&6b for 2024 aluminium. Reading off the pessimistic
curvae, a iO vear life dictates a skinm thickness of .2 am.
Furthermore, the author states that the eqguivalent times for
steel should be increased by a factor of 10. Molibdenum 1is
even denser than steel, =0 it is unlikely that perforation
will =ver occur during the design life of the radiator.

In the past, the classic shape of a power system’s
radiator consisted of many stacked radiating panels, all
connected to inlet and outlet headers ( see figure 17 ). The
design made for convenient deployment, being packaged much

like the solar cells on Skylab®s telescope mount. Since the
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Figure 17. 3/4 view of Brayton Space Power System
showing radiator manifolding detail.
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4]

ign seems like a good one, this author chose to optimize

the configuration for most powsr radiate

o

and minimumn MASS.
The simplest optimization to visualize iz the search for the
optimum number of stacked panels that results in the least
mass. If there were only one panel it would have to carry the
erntire heat load, would be vervy long and have a large wetted
pErimeter. Most of the mass would be tied up in the single
tube carrying the coolant.If this single panel weres bent into
a U there would be zero manifolding mass. On the other hand,
if there were hundresds of these stacked assemblies, the heat
load per panel would be guite small with a correspondingly
small wetted perimeter. But the manifolding mass becomes
prohibitive. So an optimum number of stacked assemblies does
exist. Within this optimim search there are also sub optimi-
zations on the width and thickness of +the fins, coolant
Reynolds npumber and the length of the panels. The wetted
perimeter 1is only a function of the number of stacked assem-—
bliesland the Reynolds number inside the pipe.

Since realistic deplovment schemes and Shuttle mackaging
were factors in the layout of the radiators, F wings of
stacked assemblies symmetrically arranged around the reciever
cavity housing were envisioned. This analysis did not
consider . that some of the dissipated energy from one wing
would be seen by another. For that reason 2 wings might have
been better, but the packaging bulk on either side of the

receiver housing may not have fit inside the cargo bay.

While carrving out the process of optimization, the
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physical propertiss of the mass flow times the heat capacity

nof the cycle working fluid was matched by the coolant.

The equations that model the heat flaw in this
particular case tie in the total heat lost along the fube
langth to the heat flow into the pipe wall and finally to the

heat radiated from the fins. Mathematically this bescomes

dT1 dT

mdot Cp ——— = —~hf ( Tl - Tw ) pw = - 2 h lamb ——)
dx ‘dy ' y=0
egrn.Lo1]
where mdot Cp is the mass flow times the specific heat of
the coolant
Tl is the liguid temperature at the core of the pipe

Tw is the temperature cof the pipe wall

ht is the film cosfficient

pw is the wetted perimeter

b is the fin thickness

lamb is the heat conductivity of the fin material
dT

(—~) is the temperature gradient at the fin root
dy © y=0

If one can assume that the ratio of the wall to the 1liguid

temperature remains constant along the tube length or

Tw = b T1 eqn.L[O2]

then eqn.[01] can be rewritten as
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dTl

mdot €p ~—— = ~-hf Tl (1 - b ) pw
dx

Chect figure RI for clarity. Integrating from O (the sntrance
to the pipe) to some distance » down the pipe, the liguid
temperature at that point becomes

ht pw

T = T1¢0D) exp L - (1 - b ) —————— ¥ ]
mdot Cp

whare Tl1(0) is the inlet temperature, abbreviated Tin. We can

also rewrite this eguation as

= exp - L (1 - b ) ——————m L) - egri. LOE]
Tin mdot Cp L

If the integration is carried out along the total length of
the pipe, we can obtain an expression faor the exit to inlet
liguid temperature which can be defined as thea guantity mu.

Tout h+ pw

= gup —-L £ 1 - b ) ——————= L1 = mu
Tin mdot Cp

8o then egn.l0Z] can be written simply as

Tl “/l
——-— = mu
Tin

Assigning 2 to the dimensionless quantity x/L, the expressian

for the wall temperature becomes
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Figure 18. Radiator panel section and panel detail
comprising of 8 stacked panel assemblies.
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]

Tw = b Tin mu

1]
0
o
i
(l
Lt

On the other =side of the wall, a different ensrgy balance
holds for the heat flow from the fin. Here the assumpticon is
made that the +in conducts heat in only one dimension, away
from the pipe. In reality, the problem is two dimensional,

but errors introduced as & result of this asswnption ar

1]

repor-ted [MMI to be virtusally insignificant.

d dT 4 4
-— (h lamb -— ) = em sig (T - Ts 2qr. [05s]
dy dy

where em is the fin emissivity at the appropriate wavelenagth

5ig 1is the Stephan Boltzmann constant

Ts is the background sink tempgrature, here 270 K

One boundary condition comes from egn.l[03]1 and the other {from
the fact that there can he no temperature gradiesnt at the fin
tip
dT
T(O) = Tw and ¢ —-— ) = 0
dy v=wu

Then the power radiated per panel becomes

Q dT
~~— = = 2 lamb h - dZ egn. L0771
Ns dit  w=0

ey

Furukawa (071 combined egns. Q5,06,and 07 by the method of
calculus of variations to come up with an expression that
relates all the key variables to the dissipated power. His

equation served as & starting point for the optimized design
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of the tin and tube radiator. The =qguation is as follows:

‘" o=
! ep sig w 4 4
L e ¢ Th — Ts )
o 2% lamb h 1 lamb h
R .. dz
Ns 10 w 83 ep sig w =
L 1 + Th
"o 5 lamb h
whiere Th i3 the base or wall temperature, renamed. See

eqn, O3],

The program that optimizes the Brayton power system
calls a radiator design subroutine with a desired dissipated
power, zn inlet temperatuwre=, an outlet temperatwre and the
mass flow rate times the specifific heat of the coolant. The
sutbprogram then optimizes the radiator configuration for the

minimum mass (or volume). This results in a  four variable

optimization +For a particular design point. The variables
are (1, "y h, and Ns) and the cost iz volume or mass.
Several constraints need to be considered: that the liguid

flow within the radiator tubes remsin turbulent in all sec—
tions to assure good heat transfer, and that the dissipated
powaer is alwavs achieved. The Reynolds number was arbitrarily
picked at 4000, & number that results in barely turbulent
flow. Ewven though higher Reynolds numbers would result in a
lighter design, the pressure drop in all the passages would
become +too costly in terms of pumping power. Therefore, a
maximum of one kilowatt was assigned {for the task. The
expression for the pressure drop (in Fascals) from EBlasius’

turbulent frriction factor [10] is
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I/4 1/4 -5/4 774

Delta F = 0.1538 L rho ML d v

where rho is the coolant density
muw is the coolant viscosity
d is the pipe diameter

YV ois the coolant velocity in the pipe

One other variable th:

t was affescted by the ochoice of
geaomstrical parameters is the film cosffici=znt. In mks units
it combines the dimensionlaess Musselt number, the

conductivity of the coclant and the pipe diamet=r toc arrive

at

0.3 0.33 &k
0,027 Re Fr -
d

ht

The  aforementicned cost is the total volume or mass of
the radiator, comprised of the radiating panels and the

manifolding; The volume of the panels is simply

Fy

ZNs 1 wh + Ns ht 1 {(pw + pi ht) eqn.[0?]

The expression for the manifolding is & bit more involwved
since it is tapered to save mass. First the cross sectional

area in a panel is computed

=
a

pw
Al = ————
4 pi
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In order to maintain a constant mass flow rate through the
: th
manitolding, the manifold area at the i zsection will

simply be
MACL) = AW 1

The length of a s=ction (refer to fig R3) is

P
L5 = Z w + —-— + 2 ht

pi
Then +the total volume of the manifold becomes twice the  sum
of all the individual sections, since there are inlet =nd

outlet headesrs

_ﬂg 172
™V = 2 2, ht (4 pi MA(L) + pi hty LS
i=1
egn. L1037
The total radiator volume is then
TRY = PV + THV . eqn.L11]

5.4 Optimization detail

It is fairly clear that many combinations of Ns, L, w and

h will satisfy the required dissipated power. The key is to

i

find the particular one that results in the minimum mas:
Equation 8 can be thought of as the constraint equation, that
is the guantity @/Ns is always fiued within an optimization
of L, w and h. The number of stacked assemblies (Ns) has to

be an integer, so to remove a degree of freedom {rom the
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computations, the optima of L, w and h can be plotted as a
function of Ns. The resulting peak in the cuwrve will be the
global optimum for the design. In an abbreviated +form,

zgn.[08] can be recast as

o

-~ = const = XI ( Ns, L, w, h ) eqn. 121
Mg

The eguation that is being optimized (maximized) is

————— = PFHI ( Ns, L, w, h ) egn. D137

The simplest way to do this is by ane variable at a time, and
then repeat the procesdure until some convergence critsrion
is met. The authar recognizes that this method is ineffi-
cient, vyet it is simple to implement. For sxample, one could
start Ey optimizing width to length while holding the thick-

ness h constant. Taking the differential of =2gn.L1Z] gives
d ¢ —— ) = XI,dw + XIpdL = 0

where the subscripts mean the partial of I with respect to w

{or LY. Solving for dL gives

_XI'V
db. = =—=- dw eqn.[14]
XI[
Similarly for egn.f13]
dFHI = PHI dw + F'HILdL = 0
~
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O using egn.l141]

XIw
dFHI = ( FHI - T FHI, ) dw = O
X1,
XI, (TRV) — XI (TRViy
where FHI, = R
TRV
and Xlg (TRV) - X1 (TRV),
F‘HIL T T e e e e e e e —
TRvZ

substituting and simplifving, one finds that the condition

that needs to be met is

{ TRV ) ¢ TRV 2,
X1y XTI ¢
Motice that this ratio is just the "Lagramge multiplier" in

this constrained optimization. A similar expression for &
thickness optimum can be found, but methods to compute the
actuzal answers became very time internsive. The guickest and

easiest sglution turned out to be that of sSuCccessis

<
I

one
dimensional minimizations. Therefore the elegant methods were
discarded. For illustration, the partial derivatives are
irncluded in appendix [Al for possible future use. The author
resorted to computing the guantity represented by eqn.[lEJ:
and marching one direction at a time to the maiimum, satis—

fving the constraint equation at every step, until the maxima

converged.

.5 Optimization Results

After all the relevant equations were coded, the
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subprogram did indeed find an optimum configuration. From the

n

thermodynamic cvcle analvsis, the desired dissipated power

was to be 118,100 watts coming into the radiators at  &73 E
and exiting at 3350 K. The product of coolant mass flow  and
speciftic heat was to bhe 408 J/sec/k. As discuss=d befors,

there are I wings of stacked panels. Their overall dimensions

worked out to 1.7 by 11.46 meters ach, consisting of 200

stacked panels iIn each wing. The =sctual mass of the
assemblies was computed to 143.5 kg. The author added  an
arbitrary 20 per cent to that figure to  account  for
deployment mechanisms and stiffening braces, as well as

ancther 1.55 EG/Fwe (1.1 EG/EWE) for the waste heat

exchanger. Therefore the +total mass of the radiator
zvetem came out to Z20 kg. The optimum fin thickness
worked out to 0.0146 cm., with & corresponding internal tube
diameter of ©0.354 cm. The power to circulate the coolant
through a1l of the tubes was only 24 watts. The preszure drop
calculation is optimistic since the pressure drops in  the
manifolding were not computed, nor that through the waste
heat exchangers. Figure 12 showe the sensitivity of the
geametrical dimemsions to the number of stacked assemblies.
fAlso note that the specific mass of these off-gptimum designs
do not differ from the chosen design by more tham G.07
kg/kWe, which 1is not too significant. Therefore ocne could
conclude that since the radiators in this design are the

lightest components of the power system, minor adjustments in

configuation could be made without incuwrring any great
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Table 17

Properties of ligquid potassium

and ligiud sodium -~ potassium

(NaK) at 533 K

v xiet o p ce a0 K
m?/sec| kg/m3 J/kg°K ° kg/m sec ; W/m‘K
H ‘ ‘é
! |
K 3.097 782 792 2.42 | 42,74
Nak 3.7 851 1076 3.15 | 27.17 i
56/44 i

from ref [15]
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Figure 19. Radiator geometric sensitivity to the

number of stacked radiator panels.
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Table 18 is a sam

'D

le output from the program listed in
the back of chapter 2. The component efficiencies and the
scaling variables are the author’s best estimate of current
techrnology. The numbers are & result of an optimized search

through compr ar pressure ratic and

i

vele temperatura ratio

spac for a minimum specific mass (ES/EWe). The two

I

constraints an the system are 1) the top cycle temparatwre
{1685 K), prescribed by the melting point of silicon and 20

the bottom radiator temperature (250 E), chos2n for =ase  of

radiator design {see ch. Z). As such, there is not much room

for cycle temperature ratio variations and is therefore not
the sensitive parameter Compresscr pressure ratio, however,
suffers from no constraints and is free to float. It centers

arcgund 2.3 with an efficiency of 89%. This is well within the
capability of a single stage centrifugal compressor pumping a
fluid with a molecular weight of 49. The total =pecific mass
of this system then calculates cut *tao 28.3 EG/FWe. The
contributions are 8.7 EG/kMWe for the.collector, 10.5 KEG/FWe
for the receiver (mass of silicon included), S.35 KEG/EWe for
the regenerator and 3.5 KG/KWe for the radiator system. Since
the compressor and  tuwrbine are made of carbon/carbon
composites and are therefore very light, no attempt was made
to scale the rotating group, as their contribution is well
within the uncertainty of some of the other major components

scaling variables.
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Table 18. Sample output from cycle optimization.

Masiimum cycle temperature 1450

Compressor efficiency .85

Turbine efficiency .7

Alternator =fficisncy .9

Feflector efticiency .31

Svstem pressure losses 10

Heat of fusion of storage medium 427 cd/ge
Heat storage efficiency .3

Heat storage containment structure fraction 1.2

o

Fegenerator effectiveness .92

Mzat exchanger =+tfectiveness .9
Mu reflector 2.1 Kg/im?
Mu radiator 4700 Kg/Kwe
Fegenerator alpha .22 K4/KWe -
Frizss ratio Theta t Total m/p
Retl m/p Storage n/p Regen m/p Rad m/p
TAU C TAU T CYCLE EFF. Kq/<ig
Trad in (°K) Trad out (‘<) THERM EFF
T.273131 2746249 Z28.91379 K450,
B.7203T28B Kgikve 10,5404 <5/ 5,517736 K/, T, 5747
1.713985 . 63841781 L 252227F
TS0, 0465 672.2273 . 4324384

FOWER (WATTS) TO DISSIFATE = 118098.1
MDOT*CF (WATTS/DEG k) OF SYSTEM 407.1986
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single components of Bravion systems. As this ressarch began,

=}

foo

ot of =2ffort was expended in modeling the radiators to
come up with an accurate estimate of mass. Therefore, there
iz confidence in the radiator specific mass. Here, the
radiator has become *the least massive component of the

svstem. This is primarily due to the elevated operati

h
s
pu
[{n]

temperatures., The system itself is a fin and tube Lty

4
i
i]

radiator built cut of molyvbdenum with a mixture of sodium and
potassium serving as the coolant.

Cansiderable effort also was expernded to model  the
performance of the collection system, but relatively little
data was available to scale the masses appropriately.
Ferformance was quantified in terms of surface accuracy of
the mirror surface (mrad) and sun pointing error. The former
oopviously is a function of mass, and for a zero mean, 1 mrad
gstandard deviation suwurface a scaling constant of 2.1 kg/
was selected. This figure lies within the range of actual
hardware, =0 there 1is also a high degree of confidence
associated with the collector mass.

The receiver i= the most massive component of this
system, containing all of the silicon needed for heat storage
during shadow periods. That alone is responsible for 4.8
KG/kWe of the receiver mass. The rest is tied wup in
structure, insulation and cavity temperature control. The
material used for the structure is silicon carbide, some .5

times lighter than the refractory materials that have been
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used in the past for a prototype [041. Lurio [D61 has =

[
a

nt
considerable effart modeling the rescsiver, and has developszd
a good mass model for this component. So there is also a good
degree of confidence for the receiver specific mass

Mo effort was spent on properly mocdeling the regenerator
and waste heat exchanger, as there is a large data base For
existing ones. Additicnally., in the early stages of this

zezarch, the cycle optimized +to a high pressure ratio

sy st e, with wvery little regsneration nseded. & more
realistic assessment  of the radiator design (0 raising the

bottom radiator temperature) reverssd the trend, and the
cycle converged to & modest pressure ratic system with a

zignificant amount of regeneration. The scaling variable

sedected +or the specific mass calculation f or the
regenerator was I.22 HG/KWML, derived from reflo3]. In
retrospect, this +figure is unnecessarily large. eference

321 designed the unit cut of refractory metals, and cir-
culated a high molecul ar weight (80) working fluid through
it. Later Garrett [O7]1 designs have brought this figure down
to 0.85 EG/EWE for a systen circulating inert gas mixtures of
40 g/mole. Therefore, the regenerator specific mass 1s some

T.3 times heavier than need bLe.

5.2 Farametric studies

To properly identify this system’s sensitivity to  the
choices of scaling variables and assumed efficienciez, a

sensitivity analvsis was conducted on all the reslevant
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parameters. Collector efficiency and radiator specific mass
estimates were exempt from this analvsis +ar reasong
previously discussed.

Figures 20 through 25 summarize the results of the
sensitivity analysis. The first guantity varied (fig. 200 is
‘the collector scaling conmstant. The range spans 1.5 kg/m  to

3.0 kg/m and the nominal value was picked a2t 2.1 kg/m .

1

i}

portion of the power

r

Since the collector is already a siza

system, this perturbation pushes the spa

ific mas=s of the

n

11}

veatem Ffrom 25.9 to 40.9 EG/REWNe. Overall cycle eificisncy
displays a slight dependance on this zcaling constant going
from 25.2 to 25.3, due to re—- optimization at & higher
pressure ratio. Right away, one can identify the need for an

accurate number for this scaling constant.

Since the regenerator specific mass _estimate Was
uncertain, its scaling constant was varied from 1 to 4 and

-

the rominal value was chosen at 3.22  HG/EWL. The overall
cycle efficiency showsd little sensitivity, varying from 24.9
to 25.2 percent. The specific mass ranged from Z4.3 to 29.8
FG/We, a significant variation, illustrating the need for a
better estimate for this scaling constant.

Figure 21 relates systemlspeciFic Mass and averall
efficiency to compressor and turbine efficiency variations.
0f the two, excursions in twbine efficiency had the most
impact ocn system perfarmance, although not by muech.
Compressor efficiency was varied from 30 to Q0 percent, which
pushed the cycle efficiency from 2Z.4 to 26.7 per cent.

Specific mass correspondingly went down from 20.35 tao 6.9
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ACTA =N Traditionally, the turbine can achi

i

vea nore

sfficiency 1in a stage than can a Ccompressor, =0 tn

[}

compressbf efficiency was varied from 92 to 75 percent. Cycle
gefficiency went from 23.3% to 26.9 percent, while specific
mass decreased from Jl.46 to 26 EG/EWe.

ey

Figure 22 relates in similar fashion alternator

gfficiency and storage efficiency to specific powsr and cycle

~

i

efficiency. 0f the two the storage efficiency, which is
mzasuwre of the guantity of inmsulation in the receiver, is the
more sensitive parameter., It was varied from 280 to 3
cercent, and pushed the cycle efficiency from 25.2 to 22.7

percent. The specific mass went from 28.5 to 24.3 EG/KWe,

iy

1]

ignificant drop. This result is a bit contrived, since there

rt

iD

was no mass penalty for the extra insulation. The alternator

efficiency also was wvaried from 80 +to 95 percent, and
zimilarly drove the cvcle efficiency +From 2I3.8 to 2Z46.&
percent. The specific mass dropped from 20 to Z7.32 EG/EWa.
Figure 2% illustrates the impacts of the regenerator and
waste heat exchanger effectiveness on cycle efficiency and
zpecific power. Since these unité are similar in function,
their effectivenesses were varied over the same range, namely
from 8% to 925 percent. I discovered that the waste heat
exchanger had a larger impact om system pertormance than the
regenerator, undoubtedly due to the necesszary added mass of
the radiators. The waste heat exchanger variations pushed the
cvcle efficiencies from 24.2 to 26.2 percent and drove the

specific mass levels from 30.2 to Z7.1 EG/ e, The

98



i
1
n
Iy
3
it}
=
i
+
J
5

'

variations perturbed the cycle efficienciss from
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Z4.1 to 24.Z% percent and moved the zpeci
Z29.2 to 27.9 EB/EWe.

Figure Z4 shows how technology lavel might affzct overall
cycle efficiency and specific mass. Worst case is definsd as

taking all the akbove efficiencies and scaling constants that

would resul in the heaviest system and optimizing the
resultant. Best case is the converse. The nominal technoclogy

level is what can be achisved today, and reszults in  an

ovizrrall cyicle efficiency of 25.2 percent with a spezific mass

of 28.5 HG/EWe. The best that one can achieve iz in  this

anthor®s opinion, 14.4  FG/EMHe and the worst wouwld center
around 60 EG/EWe.

Figure 25 shows the mass breakdowns of the components vs.
the sams technoloqy level. Notice that the recsiver remains a

fairly constanmt, large fraction of the power svstem. Also, as

fu

the technology level increases, the regenerator becomes
less significant porticn of the system mass, to the point
where 1t might be better to neglect it entirely.

To present these results in a better light, comsider that
over the range of values of the perturbations, the decreasing
order of impact is as follows: reflector scaling constant (15
G/ We), twbine efficiency (5.6 EG/EWe), regenerator scaling
constant (3 EG/EWe), storage efficiency (4.2 EG/ W),

compressor  efficiency (2.6 KG/FWe), waste heat exchanger

LA

effectiveness (2.1 EG/KWe), altarnator efficiency (2.

EG/kEWe) and finally, regenerator effectiveness (1.3 EG/EWe).

This listing should rnot be taken as an absolute measure of
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relative importance, since the limits of the varizationzs wars
somewhat arbitrarily chosen. Had different limits be=en

choz=zen, the order of impact might have been differzn
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Figure 20.
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Figure 24.

3

\

AONTIDTAIT TTDRD TIVIAAO ‘(o)

o
—

\

60

o
wy

o o o
~ o

10

o
( MI/9N) “SSVW DIAIDAdS (V)

BEST

NOMINAL

WORST

"TECHNOLOGY LEVEL"

105



e

SPECIFIC MASS, KG/KW )

Figure 25.

COMPONENT SPECIFIC MASS BREAKDOWNS

A
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REGENERATOR
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0 l I
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"TECHNOLOGY LEVEL"
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This thesis certainly has validatsd the concept of a high

snaergy storage. The power system was optimized for  minimum

specific Mass, and converged to 28.3 G/ e, The

[
i1
=

T

responding cycle sfficisncy was 25.2 percent. The author

/

nl
-
(wh

not consider gimballing or redundant sets af

ot
.
5
T
In}
=
il
n
o
-
Jov]
i

Y. which would add at least 10 EGAEWe to  the

Wi
in
i+
n

=

1]

m m . Those decisions weould have to be made after a

i
H]

more detailed study of the space station’s attitude (=zarth ar
sun pointing) and reliability reguirements.

However, there are still some fine points to consider.
The concept of thermal storage tubes was tested by Lewis
gsgarch Center [11, albeit with different materials.  Their
goal was to  achieve a gas working temperature of 10570 K
throughout an orbital periocd. The gas temperature varied from
26 K above to 18 K below the nominal temperatuwre, during
simulated ,orbital periods. The tubes were constructed +from
columbium - 14 zirconium and were filled with LiF, which
releases 10456 kd/kg at 1121 K, These tubes were tested for
1231 sun - shade cycles with no real problems other than some
local distortions in the outer tube comnvolutions. This was
probably & combined effect of gravity and a 204 change in
volume during the change of phase. This probably would not
have occured 1in @ gravity. In short that program was
successful . In my particular application, the tubes are built

of eilicon carbide, and the energy storage is accomplished
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with silican, which relea

i

es 1787 kJ/kg at 15685 [
Additionally, silicon uwndergoes only an 83 percent volume
change during the change of phase. The <silicon carbide

ceramic is necessary becauwse of the zlavated temperature. In

the first analyesis the long term compatabbility of eilicon
carbide with hot silicon should rnot presemt any problems, but

there is no hard data to verify this assumption.

]

fgnother area that needs to be verified is the durability
mf carbonfcarbon turbines at temperature and speed. Although
the environment 1is benign with almost no  thermal cvycling,
these turbines are still sxsperimental. As stated earlier,

they have heen tested to 2200 K and to 720 @o/s. These rasults

[12] are emcouraging, but definitive deszign data is not vyet

available.
The alternator, even with an assumed efficiency of 0%,
i going to produce 19w of heat for an electrical oubtput of

20 KWe. Therefore, alternmator cooling cannpt ke i1gnorad.
Injecting cooled gasses ( He ) in the alternator housing 1s
a solution, but windage losses could becomsz sighnificant. The
mass of this other cooling system would then have to be
accounted for. Since all of the machinery rotates on a common
shaft, another solution could be envisioned. Heat pipes could
be routed from the windings through thes hollow shaft, through
the compresszor face, and ultimately sink their heat load into
the incaoming compressor stream. Caresful design would have to
insure that the vapor pressure at the evaporator could
overcome the local cerntrifugal force, but this same force

would assist in the return of the condensed vapor through the
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wick. I+ this could prove possible, then the altesrpator could

in

pin  in  Yacuuim, raducing the windage losses ta  zera.
The peak cycle pressure is only 1.25 atmospheres, so  the
sgaling requirements aren’t severe. RNatwally, the svstem
would have to be re—-optimized for a compressor inlet
temperature that would be some 25 K warmer.

frncther pivotal topic is the seals that isoclate the

3

CoOMPresso

and twrbin=2 from the alternator. These ssals
zshould have no problem dealing with the pressuwres 1in  the

rotating machimery. But their design would have to minimize

-y

zak

at
u

. Mo

W

s over a ten year life at very high temperatuws
attemnt was made to look into this subject, but it needs to
be addressed if this concept is ever taken to a more complete
design.

Un#mrtunately; the capability of achieving at 1

+
iy

it

e

-

falf of a degree pointing accuracy for the collector needs to

be looked at more seriously. Thiz concern ties in with +the

rest of the design of the zpace platform. Docking
perturbations, shifting masses and the quality of the
attitude control all atfect the pointing accuracy

requirement. There also will be some continuous expenditure

f energy in one form or another to meet this criterion. The

[}

complete impact of this concern needs further research.

The subject of mirror surface guality degradation
guickly was analysed in chapter 2. The conclusion there was
that a thin coating of guartz might have to be applied to the

mirror suwface to protect it from free oxygen in low  earth
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orbits. I+ this system is used to power z low thrust orbital
transfer vehicle that operates between LEOD and GEOD, it will
have +to traverse the Yan &Gllen radiation belts. It is

guestionable to assume that the mirror will be unaffected by

high energy protons. Either s laboratory experiment or a

-+
d
a
\n}
or
rf

test might have to be conducted to fully guantify this

17}
~+
-+
i
[l
i+
[ ]

As discussed earli=zr, the radiators are constructed out

of molybdenum and circulate a coolant composed of sodium  and.

m

potassium. The solubility of molybdenum in hot Wakl [31 also
needs to be checked and evaluated over & mission lifetime. If
it should prove unacceptable, sgme other material will have
to be chosen ( stainless steel ) for the tube and fin
material, and the radiators redecsigned. Stainless is a worée
conductor of heat, so the radiator mass would have to
irncrease.

In general, the high temperature solar Bravton space
powsr system is a simple, reliable concept that does not
suffear fr-aom inswrmountable technological difficulties,.
All  of the potential problems addressed above can be solved
with a minimum of effort along with a better understanding of
the power system®s integration with the larger system. The
attthor feels that this system has a definite niche in the

powsr options being considered for the 19907°s,
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This appendix lists the various partial derivatives af

rt

sgquation 8 in section 4.3 tha

it
Wl

are used in any optimization
slgorithm. 0One can start by recasting =2gquation 28 with a

change of variables. Let

4L 4 4
£ 27 lamb h 1 | g (Thb - T=s )
——— ® e | T dz
Ns 10 w : 3 3
\ 1 + —-—— g Tb
i 5
Can start by computing d{(Q/Ns)/dw: Faor clarity, the
operation is shown in piesces. L
{ 4 4
d(R/Ns) 2% lamb h 1 d ( g (T = Ts
——————— = ——— e e - B e T dz
dw 10 w dw | 8 3
| 1+ -— g T8
)] 5
4 4
ri g (Tb = Ts ) d 2% lamb h 1
+ 1 e dz - ( ——— e )
! g8 &1 div 10w
; 1+ ~—— g Tb
) b
The derivative of the integral becomes
’ 1 4 4 2 " 4 4
( 2g (7Tb - Ts ) 16 g Tb ( Th - Ts )
\ —————————————————— e e e e e dz
: 8 = € 3 2
; w (1 + —— g Tb ) Sw (1 + —-— g Tb
¢ 5 5

Or simplifying.
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, R

tLog ¢ - 15 - 15 g Tb )
————————————— \ et S S P

\ a3 3 ; 3 :

b1+ —— g T LW Sw (1 + —-—— g Th

t o 3 g

Additionally, the derivative of the first part of [AZ] is

22 lamb h 1

Rewriting [AZ1 in terms of [A3] and [44]

AL 4 4 : ! )
2% lamb h 1 g ( Th - Ts ) 2 14 g Tb :'
___________ e o e e e v i e ram e - - ————————————— e}
10 w As 3 = 3 =
i1+ -gTb [ ow Sw (1+-gTbo) !
0 5 5
4 4
2% lamb h 1 g ( Th — Ts ) i
- memmemee e ——— | e dz
2 \ 8 z
10w i 1 + -— g Tb
S

This last equation can be simplified one step further. So the

equation for d(0/Ns)/dw becomes

{ 4 4 =
23 lamb h 1 g(Tb—Ts)(l 16 g Tb )
———————————————————————— - T e i
10 w \ 8 z 2 8 T
1 + -9 Tb W S w (1 +~-g Th )
'O S S

Next on the list to figure is d(@/Ns)/dl. This derivative is

a bit more involved since [Al]l is being integrate over a
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normaliced lenghth. As befor

I

b

d G/ Ns) 2% lamb h 1 d F' g ¢ Th - Ts
——————— == o s s e e e e -— e e e e dz=
dl 10 w dl 3 3
10 i+ —;- g Tb
d
LAasl
L 4 4
(Y g v - TS d 27 lamb h 1
I B dz - ( ——m )
{ 3 3 d1 10 w
¢, 1L+ -—— g Th
¢ 5
I+ one functionally rewrites the derivative of the intsgral
above as
d l
- f(z,1) d=z
dl }0 LA71]
2 1
where T = - and dz = -—-— dZ
L L
Thern [A7]1 becomes
d f" z 1
=\ fl-——yi} —-—— diI
dL. ) L L
0
(wl
L
d 1 z 1
- { === f{———yL) 3 dI +  ——— £ (1,L) LAB1
db. L L L
0
Expanding the term inside the integral one obtains
1 1 o fiz Z 1 Jf (=
- ——— f(z) = == ( = ) e + e { em—— )
2 L 0z L 2 L oL Z/L
L L

The subscript next to the partials indicates which variable
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i+
-
i
il
T
14
o
(1
53]
[h

canstant. Carrving ouat the integration one

cbtains
1 1 (L s 1 (‘ Jf ()
-\ filz) dz - - R yozodz o+ =1 e ) dZ
Lo Lo z L d L ZsL
L ' ¢

Substituting this expression into [A81 will transform L[A7]

into the proper form of

Substituting in all the proper variables for [AS1, one gets

L= 2 2 4 3

* mu Cp wndot log{muw) 24/5 g Th (Th -~ Ts ) 32
—————————————————————————————————————— - 4 g Th dz
2 8 ! ) )
J hf L pw log(io) ¢ 1 + - g Th ' '
0 5 ‘ [a10]

Note that this last expression only takes cars of the first
lime of L[A61. The last derivative of [Al]l that needs to be
found 1s d(Li/Ns)/dh. Eliminating the lengthy alebra, one

arrives at

{ 4 4 3 [AtL11]
22 lamb h 1 g {( Th - Ts ) 8 g Th
——————————— ( B et b o o
10 =] = 8 3
J 1 + - g Th Sh 1+ -9 Tbh )
0 5 S

To complete the analysis, the same sequence of derivabives is
rneeded for eqn.l11] in section 6.2, which is the expression

tor the total radiator volume. These are guite simply
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il Ns 1/2

—~(TRY) = 2 Ns L h + 4 2, ht ( pw (i) + ht
dw 1=1 .

d

——{(TRV) = 2 Ns wh + Ns ht {( ow + ht pi )

dbl

d
-—{TRV)Y = 2 Ns L w
dh
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